This research introduces an optical method of segmenting potential targets using wavelet analysis [7] . An optical Harr wavelet is created using a magneto-optic spatial light modulator (MOSLM). Two methods of controlling wavelet dilation are explored: 1) an aperture positioned in front of a binary modulated MOSLM; 2). spatial filtering of a ternary modulated MOSLM. Segmentation is performed through Vander Lugt correlation of a binarized image with the optical wavelet. Frequency-plane masks for the correlation process are generated using thermal holography.
Introduction
Image segmentation has been explored from many different perspectives; however, no one method stands out as a solution to the segmentation problem. Wavelet analysis can be used for multifrequency decomposition of an image to analyze its localized characteristics for image segmentation.
Wavelet decomposition of a signal is similar to a windowed Fourier transform. A Fourier transform seeks to represent a given function as a combination of weighted sinusoidal components. These sinusoidal components are complex exponentials which form a complete and orthogonal basis set. The Fourier transform can thus decompose an image from the space domain into the spatial-frequency domain. Once transformed, the information is viewed as weighted sinusoidal components. Unfortunately, the Fourier transform does not readily display information about the location of the frequency components in the original scene.
On the other hand, a wavelet decomposition does give information as to the location of frequencies. The wavelet transform decomposes an image using translations and dilations of a mother wavelet 1(x). Translated and dilated versions of this mother wavelet make up the wavelet basis set. This research shows it is possible to perform multiscale edge detection optically using a HalT wavelet basis set. An orthogonal Han wavelet is given by: I 1 ifO<x<. 5 ,b(x)= -1 if.5<x<l reveal details not detectable with a large wavelet. A Harr basis set was chosen due to its piecewise constant nature; a binary spatial light modulator can accommodate this type of signal. Detailed information about digital multifrequency channel decomposition of images using wavelets is available [4, 3, 10] . A Magneto-optic Spatial Light Modulator (MOSLM) will be used to encode the wavelet functions for the optical correlator.
A MOSLM is an electrically addressable array of pixels which can be used in optical image processing systems. This device can alter, under computer control, the magnetic state of individual pixels through the magneto-optic (Faraday) effect. Advantages of the MOSLM over other optical display systems include: nonvolatile display, fast switching times (lOOns), and high contrasts.
Operation of the MOSLM is shown in Figure 1 . Polarization oflight entering the device is magnetically rotated by electrical addressing ofcrossed electrodes at each pixel. Only one pixel is affected by this electrical addressing because of an ion implanted region located where the electrodes cross. This ion implanted region forces individual pixels to be highly susceptible to the Faraday effect. Once the pixels have been addressed (nucleated) they are fully rotated by applying a uniform magnetic saturation pulse from a coil which surrounds the entire array. Thus, when the pixels are viewed through an output polarizer they will appear dark or light depending on the rotation of their polarization and the position of the output polarization analyzer.
Although the MOSLM is normally used as a binary device, there is a third stable state the pixel magnetization will support [7, 8] . This third state is known as the demagnetized or neutral state because each pixel is comprised of "worm-like" regions of the two magnetization states discussed previously. An enlarged section of a magneto-optic chip showing the three different states is shown in Figure 2 . The "on" state is shown in the bottom left, while the "off' state is shown in the top left portion of the picture. On the right side of Figure 2 the "worm-like" neutral state can be seen. The "on" state is used to produce a +1 ,the "off' state produces a -1 , and the "Worm" state controls the 0 (dilation) of the Harr wavelet.
In order to achieve this third state the MOSLM is first addressed exactly the same as in the binary case described earlier. However, after the saturation pulse is applied an additional nucleation pulse is applied to desired pixels which were erased, but not previously written to. These nucleated pixels will now be in the demagnetized state. The demagnetized pixels do not require an additional saturation pulse.
Wavelet Implementation
Implementation ofthe Hair wavelet is ideally suited to the MOSLM. When the output polarizer is rotated perpendicular to the input beam, polarization modulation states of +1 and -1 are achieved. These modulation states are the result of the 180 degree phase difference between the oppositely rotated magneto-optic states. The zero state is obtained with an additional nucleation pulse to previously erased pixels. Consequently, the three states necessary for implementation of the Hair wavelet are accomplished.
As reported by Kast [2] , the MOSLM zero modulation state produces high-order diffraction when illuminated with collimated light. This was tested using a 64 x 64 pixel wavelet and a low-pass spatial filter shown in Figure 3 . First, a 64 x 64 pixel wavelet is shown with the output polarizer rotated to produce maximum contrast between the three MOSLM states (Figure 4a) . Next, the output polarizer is rotated perpendicular to the input polarization producing the +1 and -1 states (Figure 4b ). Notice the zero state surrounding the wavelet appearsjust slightly darker than the +1 and -1 states which now appearas equal intensities. This is due to the randomworm-like nature ofthe demagnetized pixels. Finally, Figure 4c features the result of filtering the wavelet shown in Figure 4b with the optical spatial filtering setup of Figure 3 . Transmission of the zero state through the low-pass filter is greatly reduced; in addition, the wavelet zero crossing is clearly revealed in the filtered image. Indeed, the neutral state produces high-order diffraction. Wavelet dilation is controlled using one of two methods: 1) a variable aperture is located in front of the MOSLM which is programmed with a 128 x 128 pixel wavelet. 2) low-pass spatial filtering of the MOSLM "worm" state. 3 Optical Correlation Setups
In order to produce coherent optical correlation, it is necessary to record amplitude and phase information of a desired transfer function. Vander Lugt demonstrated a method for producing a single frequency-plane mask for this purpose. Prior to this important discovery, amplitude masks and phase masks were recorded separately. This limitation allowed reproduction of only very simple transfer functions. Vander Lugt's technique of interferometrically recorded frequency-plane masks overcame this limitation. [11] Generally, developing VanderLugt filters requires holographic techniques which utilize chemical processing of high resolution film. In this research thermoplastic holograms were created electrically. A Newport HC-300 Holographic recording device was used to store the interference pattern of the Vander Lugt filter [5] . The thermoplastic recording medium used by the HC-300 is developed electrically in about one minute. The resulting surface-reliefphase hologram can achieve diffraction efficiencies nominally of 10%. High diffraction efficiency is possible because the surface-relief hologram does not absorb light like a conventional amplitude hologram.
A basic coherent optical correlation system is shown in Figure 5a . A point source S is collimated by lens L1 to strike an object at P2. At P1 the Fourier transform of the object at P2 is optically multiplied by the frequency plane mask SPIE Vol. 1608 Intelligent Robots and Computer Vision X (1991)/417 generated earlier. Lens L3 performs another Fourier uansform rather than an inverse Fourier uansform; therefore, the output at P is flipped.
Plane P of Figure 5a will produce three separate light fields (Figure 5b) . First, the field centered at the origin of P is of little interest because mathematically it is the addition of two terms which cannot be separated. Next, the convolution of the object at P1 with the impulse response of the Vander Lugt filter is located at (0, 4 sinG). Finally, the correlation of the object at P2 with the impulse response of the Vander Lugt filter is located at (0, f sinG). It is the last field we are concerned with for this research. A complete derivation for processing Vander Lugt optical correlations is provided by Goodman [1, 174] .
Two basic optical setups were constructed for this research due to the different methods of wavelet implementation mentioned earlier. First, wavelet dilation is controlled using a single aperture to reduce the size ofthe collimated object beam. The other method for controlling wavelet dilation is by spatial filtering of the MOSLM display.
For the first setup, the actual optical components of the correlation system are shown in the schematic of Figure 6 . The laser source was a 60mW HeNe (632.8nm) mounted beneath a Newport optical table. A beam splitter directed the laser light into object and reference beam paths. The path lengths were equal to within .5cm, well within the coherence length ofthe laser. An angle of 3 1 degrees was used between the object and reference beams in order to obtain a spatial frequency of 800 lines/mm at the holographic camera. Wavefront reconstruction is greatest for a spatial frequency of 800 lines/nun because this is where diffraction efficiency is highest [5] . Following a lengthy alignment process for the object and reference beams, correlations are performed automatically. The Vander Lugt filter is first created using a binarized input scene displayed on the MOSLM. Optical correlations are performed by programming a 128 x 128 wavelet on the MOSLM and blocking the reference beam using a remotely switched shutter. Wavelet dilation is controlled using an aperture immediately in front of the MOSLM. For smaller wavelets, only the central portion of the MOSLM would be illuminated by the collimated object beam through the aperture. The Fourier transform of the wavelet is achieved by lens L3 and is aligned with the frequency-plane mask held by the holographic camera. The colTelation results are viewed with a CCD camera located in-line with the reference beam path. The CCD camera sends the images to a AT&T Truevision Advanced Raster Graphics Adapter (TARGA) framegrabber for viewing on a television set and saving on a floppy disk.
The second setup is identical to the first except for two additional lenses (L3 ans L4) and a spatial filter to control wavelet dilation (Figure 7 Fourier transform is spatially filtered using a low pass (pinhole) filter as described previously. A filtered image of the Fourier transformed wavelet is then imaged onto the holographic camera by lenses L4 and L5. Instead of using an aperture for smaller wavelets, as in the first setup, the worm-like neutral state is filtered.
Correlations are viewed in real-time as various wavelets are programmed onto the MOSLM. The holographic camera performs as holder for the Vander Lugt filter, eliminating the need to align the filter with the MOSLM. If correlation with a different frequency-plane mask is desired, a new thermoplastic hologram must be made. Optical joint transform correlation techniques can eliminate the need for holography [1] .
Reference Image
The reference image, Lenna (Figure 7a ), is used throughout this paper. This reference image was scanned (300 dpi) from the original photograph. A 400 x 512 TARGA file was generated using a CCD camera and a framegrabber to capture the reference image. The TARGA image is reduced from 400 x 512 pixels to 128 x 128 pixels for display on the MOSLM. Binarization of the reference image is based on an average pixel threshhold (Figure 7b ). 
Correlation Using Spatial Filtering Wavelet Implementation
Electronically clocking different wavelet sizes by changing the number of worm-state pixels surrounding the +1 and -1 pixels is quick and convenient. Unfortunately, this architechture was compromised by the light not blocked by the spatial filtering of the diffracted energy from the MOSLM worm-state pixels. The Fourier transform of the MOSLM programmed to display a wavelet showed a annular pattern created by the worm-state pixels. Through spatial filtering to block the diffracted energy of this annular ring, the image of the wavelet should have a dark aperture. Indeed, the aperture was apparent (Figure 4c ), but not opaque. Figure 9 shows results achieved with a 16 x 16 vertical wavelet.
Digital Correlation Results
Digital wavelet analysis using the same reference image was performed by Laing [4] 
Conclusion
Implementation of an optical Harr wavelet is achieved using a MOSLM. The magneto-optic rotation of linearly polarized light, clockwise or counterclockwise, provides the +1 and -1 wavelet states. For electric control of wavelet dilation a modulator with a more opaque "off' state would be required. A single circular aperture outperformed spatial filtering ofthe MOSLM "worm" state. Both vertical and horizontal wavelets were used separately in order to segment vertical and horizontal image details respectively.
